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1.0 


SUMMARY 


From  15  February  1966  to  16  February  1967,  the  FCC  and  USAF,  with  the 
cooperation  of  the  U.  S.  Coast  Guard,  the  FAA,  the  U.  S.  Weather  Bureau, 
and  NASA,  conducted  an  investigation  known  as  the  POPSI  (Precipitation 
and  Off-Path  {Scattered  interference)  Project.  The  investigation  involved 
studies  of  the  scattered  sigRal  from  precipitation  and  other  mechanisms 
located  in  the  common  volumes  established  by  the  intersections  of  the 
beams  from  a  transmitting  antenna  operating  in  a  configuration  simulating 
a  satellite  earth  station,  and  receiving  antennas  configured  in  a  manner 
typical  of  terrestrial  microwave  radio  relay  stations.  The  project  was 
designed  to  obtain  data  at  a  frequency  of  5.75  GHz  for  a  statistical 
treatment  to  estimate  the  magnitude  of  the  problem  of  both  on  and  off-path 
scattered  interference  between  microwave  radio  relay  stations  and  satellite 
system  earth  stations  sharing  the  same  frequency  bands.  More  than  3000 
hours  of  field  strength  measurements  were  recorded.  Propagation  path 
lengths  up  to  300  km  were  examined.  The  common  volumes  given  consideration 
were  displaced  as  much  as  18  degrees  in  azimuth  and  30  degrees  in  elevation 
from  the  great  circle  path  toward  the  receiving  sites.  Time  probability 
curves  have  been  derived  for  various  path  configurations  from  Highlands,  N.  J. 
to  Pleasantville  and  Wildwood,  New  Jersey,  and  to  Wallops  Island,  Virginia. 
Some  attempt  has  been  made  to  correlate  the  enhanced  fields  with  meteorolog¬ 
ical  phenomena,  although  the  mechanisms  have  not  been  examined  in  great 
detail  for  this  report. 
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2.0 


INTRODUCTION 


Since  satellite  communications  systems  are  required  to  share  frequency 
bands  with  terrestrial  microwave  systems,  the  utmost  care  must  be  exercised 
in  station  assignments  if  intolerable  interference  is  to  he  avoided.  The 
use  of  terrain  shielding  and  minimum  limits  on  the  satellite  earth  station 
elevation  angles  are  of  considerable  importance  in  the  reduction  of  inter¬ 
ference  between  terrestrial  microwave  and  satellite  system  earth  stations. 
However,  the  problems  of  interference  scattered  from  precipitation  and 
other  off-path  mechanisms  c«nnot  be  avoided  by  these  measures  alone. 

2.1  Past  Research 


Most  past  research  has  been  directed  toward  an  understanding  of  the 
mechanisms  of  the  scattering  problem. 1.2 ,3,4/  These  studies  have  associated 
the  problem  with  certain  meteorological  phenomena  (thunderstorms,  hail, 
atmospheric  discontinuities,  etc.)  and  these  phenomena  have  been  studied 
in  some  detail.  This  approach  has  been  useful  in  analyzing  the  physics  of 
the  phenomena,  but  has  not  resulted  in  a  suitable  model  that  can  be  theo¬ 
retically  extended  to  provide  a  basis  for  the  prediction  of  interference 
where  high  service  reliability  is  required.  At  present,  the  state  of  the 
art  seems  to  admit  only  a  statistical  approach  to  the  problem  requiring 
considerably  more  data  than  has  been  obtained  thus  far. 

2.2  POPSI.  A  Cooperative  Project 

From  15  February,  1966,  to  16  February,  1967,  the  FCC  and  the  USAF, 
with  the  cooperation  of  the  U.  S.  Coast  Guard,  the  FAA,  the  U.  S.  Weather 
Bureau,  and  NASA,  conducted  a  precipitation  and  off -path  scatter  inter¬ 
ference  (POPSI)  project  to  obtain  data  for  a  statistical  treatment  to  get 
a  better  understanding  of  the  magnitude  of  the  problem.  The  project  utilized 
an  AN/FPS-26  height  finder  radar  as  a  transmitter,  left  in  place  at  a 
phased-out  Air  Defense  Conmand  site  (Highlands,  New  Jersey),  and  was  main¬ 
tained  and  operated  by  a  detachment  of  ADC  personnel  who  remained  there 
for  the  purpose.  Most  of  the  receivers  were  on  loan  from  the  U.  S.  Air  Force. 
They  were  modified  at  the  FCC  Laboratory  and  installed  by  FCC  personnel  at 
locations  supervised  by  the  U.  S.  Coast  Guard  at  Wildwood,  New  Jersey,  the 
FAA  at  NAFEC  near  Pleasantville,  New  Jersey,  and  NASA  at  Wallops  Island, 
Virginia.  Coast  Guard,  FAA  and  NASA  personnel  provided  field  maintenance 
and  calibration  support  of  the  receiver/recorder  installations  i n  addition 
to  their  regular  duties.  In  this  manner,  the  project  was  accomplished  at 
a  fraction  of  the  usual  cost  of  such  a  research  project.  Figure  1  provides 
a  brief  sunmary  of  the  POPSI  project  system  parameters. 

3.0  TRANSMITTING  SITE  AND  EQUIPMENT 


3.1  Location 

The  transmitter  was  located  near  the  top  of  a  hill  overlooking  the 
Navesink  River  just  south  of  Highlands,  New  Jersey.  The  supporting  tower 
structure  was  such  that  the  center  of  the  antenna  was  slightly  more  than 
90  meters  above  the  terrain.  For  several  kilometers  in  the  direction  of 
the  propagation  path,  the  terrain  is  only  a  few  meters  above  mean  sea  level. 


-  2 


Figure  2  is  a  map  of  the  propagation  path  area.  Figure  3  is  a  view  from 
the  transmitter  antenna  tower  in  the  general  direction  cf  the  propagation 
path. 

3 . 2  Transmitter  and  Transmitting  Antenna  Control 

The  AN/FPS-26  is  a  pulsed,  C-band,  height-finder  radar  with  a  peak 
effective  radiated  power  on  the  order  of  that  used  by  international  com¬ 
munication  satellite  system  earth  stations.  It  normally  operates  in  a 
nodding  mode  and  is  directed  to  the  desired  azimuth  by  electrical  command 
from  a  remote  location.  If  necessary,  it  can  be  directed  manually  from  a 
local  control  unit.  For  POPSI  operation  the  nodding  mode  was  discontinued 
and  an  automatic  antenna  program  control  unit,  designed  and  built  by  FCC 
personnel,  was  connected  in  place  of  the  local  manual  control  unit.  This 
control  unit  automatically  positioned  the  antenna  in  azimuth  and  elevation 
in  accordance  with  a  pre-programmed  sequence,  and  furnished  electrical 
readout  to  recorders  to  indicate  the  antenna  position  at  all  times.  In 
addition,  a  recorder  was  interfaced  with  the  radar  receiver  to  furnish  a 
backscatter  indication.  The  programmer  was  controlled  by  a  master  timer 
synchronized  to  standard  time  signals  and  the  recorders  were  driven  by 
synchronous  motors  so  their  time  bases  could  be  synchronized  with  the 
recordings  from  the  receiving  sites  for  analysis.  The  programmer  and 
chart  analyses  layout  are  shown  in  Figures4A  and  4B.  The  details  of  the 
design  of  the  antenna  programmer,  its  interface  with  the  antenna  control 
system,  and  the  receiver  modification  and  receiver/recorder  interface, 
are  expected  to  be  the  subject  of  a  subsequent  report. 

4.°  RECEIVING  SITES  AND  EQUIPMENT 

Receiving  sites  were  established  at  NAFEC*  near  Pleasantville, 

New  Jersey,  and  at  the  U.  S.  Coast  Guard  Electronic  Engineering  Station 
at  Wildwood,  New  Jersey.  Near  the  conclusion  of  the  project  the  receiving 
site  at  Wildwood  was  discontinued  and  a  new  site  established  at  the  NASA 
station  at  Wallops  Island,  Virginia.  These  sites  were  all  on  the  same 
radial,  bearing  at  approximately  205.4  degrees  from  the  transmitter. 

4.1  Antennas 


Each  site  had  two  antennas  of  a  type  commonly  used  for  microwave 
relay  stations,  with  a  receiver  connected  to  each  antenna.  One  antenna 
was  directed  along  the  great  circle  path  toward  the  transmitter  and  oriented 
vertically  for  maximum  field  strength.  The  other  antenna  was  oriented 
either  3  degrees  or  6  degrees  to  the  west  of  the  great  circle  path  and 
elevated  slightly  (1/2  to  2  degrees)  above  the  horizon. 

4.2  Receivers  and  Recorders 


AN/APR-9  ECM  receivers  were  installed  at  Wildwood  and  Wallops  Island. 
At  NAFEC  an  AN/APR-9  receiver  and  a  Polarad  Model  R  receiver  were  used. 


♦National  Aeronautical  Facilities  Experimental  Center  (FAA) 


The  AN/APR-9  receivers  were  modified  at  the  FCC  Laboratory  to  decrease 
the  bandwidth,  increase  the  sensitivity,  and  permit  recorder  operation. 

When  placed  in  service  they  had  6  dB  bandwidths  of  about  16  MHz  and  usuable 
sensitivities  on  the  order  of  -75  to  -80  dBM.  The  Polarad  Model  R  had  a 
bandwidth  of  about  4  MHz  and  a  usable  sensitivity  of  -70  dBM.  Esterline- 
Angus  chart  recorders  were  connected  to  each  receiver.  These  recorders 
and  the  transmitting  site  recorders  were  driven  by  synchronous  motors  at 
a  chart  speed  of  12  inches  per  hour.  The  receiving  recording  equipment 
was  calibrated  at  the  same  frequency  and  with  the  pulse  width  and  repeti¬ 
tion  rate  used  by  the  transmitter.  The  receiving  antenna  installations 
at  NAFEC,  Wildwood,  and  Wallops  Island  are  shown  in  Figure .5,  and  a  typical 
.receiver  installation  is  shewn  in  Figure  6. 

5.0  PATH  CONFIGURATIONS  AND  SAMPLING  TECHNIQUE 

The  period  during  which  the  project  was  conducted  was  divided  into 
several  programs  determined  by  path  length,  transmitting  antenna  azimuth 
and  elevation  configurations,  and  off-path  receiving  antenna  orientation. 
During  each  program  fi  maximum  of  3  transmitting  antenna  azimuths  and  12 
transmitting  antenna  elevation  angles,  in  conjunction  with  1  off-path 
receiving  antenna  configuration,  were  examined.  However,  the  calibration 
and  time  base  synchronization  techniques  required  that  1  of  the  azimuths 
and  2  of  the  elevation  positions  of  the  transmitting  antenna  be  in  the 
great  circle  path  toward  the  receiving  sites.  Each  azimuth  was  probed 
for  55  minutes  during  which  eacb  elevation  was  probed  for  5  minutes  for 
a  total  of  11  elevations  per  hour.  For  the  last  5  minutes  of  each  hour, 
the  transmitting  antenna  was  returned  to  the  great  circle  path  (maximum 
signal  configuration)  for  calibration  and  time  base  synchronization  purposes. 

A  normal  complete  transmitting  antenna  programming  cycle  required  3 
hours  and  consisted  of  4  samples  of  the  great  circle  path  configuration, 
plus  1  sample  of  each  of  32  other  azimuthal  and  elevation  combinations. 

5.1  Antenna  Alignment 

To  establish  the  great  circle  or  0°  azimuth,  the  transmitting  and 
receiving  antennas  were  aligned  for  maximum  signal  over  a  period  of 
several  hours  during  which  the  troposphere  was  considered  to  be  well 
mixed.  The  antenna  beamwidths  were  such  that  the  positioning  for 
maximum  response  did  not  appear  to  be  critical  as  far  .as  azimuth  was 
concerned.  The  elevation  angle  positioning  was  somewhat  more  exacting, 
jut  there  was  no  noticeable  difference  between  elevation  angles  of  0° 
and  1/2°  above  the  horizon  during  well  mixed  troposphere  conditions. 

The  off-path  transmitting  antenna  configurations  were  obtained  by  align¬ 
ment  to  refr’-ence  points  on  a  vernier  on  the  antenna  pedestal.  The  off- 
path  receiving  antenna  configurations  were  obtained  by  boresighting  on 
optical  reference  points  offset  by  surveying  methods  from  the  boresight 
reference  point  for  the  maximum  signal  position.  The  progritnmed  trans¬ 
mitting  antenna  azimuthal  positions  correspond  to  true  bearings  from 
Highlands,  New  Jersey  as  follows: 


TX  Ant.  Azimuth 


True  Bearing  from  highlands 


0° 

205.357° 

3° 

208.357° 

6° 

211.357° 

9° 

214.357° 

12° 

217.357° 

18° 

223.357° 

5.2  Sample  Intervals 

The  dynamic  range  and  response  time  cf  the  receiving/recording  equip¬ 
ment  eliminated  the  possibility  of  any  evaluation  of  the  short  term  (less 
than  several  seconds)  signal  variability.  The  recorder  charts  were  analyzed 
by  determining  the  median  value  for  the  5  minute  period  of  each  transmitting 
antenna  configuration.  The  data  presentation  represents  the  probability 
distributions  of  the  5  minute  medians.  Inasmuch  as  the  great  circle 
maximum  signal  positions  were  sampled  4  times  every  3  hours,  the  proba¬ 
bility  distributions  for  these  configurations  are  based  upon  several 
thousand  samples.  However,  even  the  least  investigated  of  the  off-path 
positions  were  sampled  86  times  in  a  period  extending  over  more  than  10  days. 
Tne  number  of  samples  in  each  configuration  is  given  in  Annex  A, 

6.0  MAIN  BEAM  COMMON  VOLUMES 


For  purposes  of  analyses,  the  transmitting  and  receiving  antenna 
main  beams  have  been  defined  as  bounded  by  surfaces  coincident  with  tie 
half-power  points  of  the  antenna  vertical  and  horizontal  patterns.  In 
this  manner,  the  transmitting  antenna  beam  may  be  described  as  a  pyramid 
with  a  rectangular  cross-section  having  a  maximum  dimension  in  the  hori¬ 
zontal  plane  equal  to  about  4  times  its  dimension  in  the  vertical  plane. 
The  receiving  antenna  beam  may  be  described  as  a  cone  having  a  cross- 
sectional  diameter  that  subtends  approximately  the  same  angle  as  do  the 
long  sides  of  the  transmitting  antenna  beam  cross-section.  The  main  beam 
common  volume  is  that  part  of  the  propagation  medium  bounded  by  the  above 
described  surfaces  and  common  to  both  antenna  beams  as  shown  in  Figure  7. 

6.1  On-Path  Common  Volumes 


In  the  absence  of  shielding  by  the  earth's  bulge-  or  by  terrain  features, 
an  intersection  of  the  transmitting  antenna  main  beam  and  the  ou-path 
receiving  antenna  main  beam  always  uccurs  and  a  common  volume  is  established 
regardless  of  the  transmitting  antenna  azimuth  and  elevation  configurations. 
The  size  of  this  common  volume  is  quite  dependent  upon  the  transmitting 
antenna  elevation  angle,  especially  in  the  0°  azimuthal  position.  Reference 
to  Figures  8  and  9  shows  that,  for  both  the  paths  to  Wildwood  and  to  NAFEC, 
the  common  volumes  at  a  transmitting  antenna  elevation  angle  of  1/2°  are 
3  orders  of  magnitude  greater  than  the  common  volumes  at  a  transmitting 
antenna  elevation  angle  of  30°. 
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6,2  Off-Path  Conenon  Volumes 

The  common  volumes  for  the  various  off-path  combinations  of  receiving 
and  transmitting  antenna  configurations  are  shown  in  Figures  10  through  19. 
It  is  quite  obvious  that  the  locations,  sizes,  and  altitudes  of  these 
common  volumes  are  dependent  upon  the  antenna  azimuth  and  elevation  config¬ 
urations.  In  many  of  the  off-path  antenna  configurations  examined  during 
the  project  no  main  beam  to  main  beam  intersections  were  achieved  and, 
therefore,  no  main  beam  common  volumes  were  established.  Even  when  such 
volumes  did  occur,  their  sizes  varied  considerably.  These  variations  may 
have  considerable  influence  on  the  received  signal  strength  since,  if 
the  scattering  is  considered  to  be  isotropic  in  nature  and  the  scatterers 
are  uniformly  distributed,  the  received  power  is  directly  related  to  the 
size  of  the  common  volume.  For  example,  with  the  off-path  receiving 
antenna  at  Wildwood  pointed  at  an  azimuth  of  3°..  the  maximum  size  of  the 
common  volume  occuring  with  a  transmitting  antenna  azimuth  of  3°  is 
nearly  20  times  that  occuring  with  a  transmitting  antenna  azimuth  of  18°. 
This  alone  could  account  for  a  13  dB  ratio  in  the  received  powers  during 
such  configurations.  A  comparison  of  the  off-path  common  volume  for  the 
Highlands  to  Wildwoc  d  path  with  that  for  the  Highlands  to  NAFEC  path 
for  the  same  antenna  configurations  indicates  that  the  longer  path  results 
in  common  volumes  about  5  times  the  size  of  those  set  up  by  the  shorter 
path  geometry.  Assuming  uniformly  distributed  isotropic  scatterers,  this 
would  result  in  a  7  dB  ratio  in  the  volume- scattered  powers.  Since  the 
ratio  of  the  free  space  losses  due  to  the  difference  in  path  lengths  is 
only  about  4  dB,  the  off-path  scattered  signal  received  at  Wildwood  may 
equal  or  exceed  that  received  at  NAFEC  even  thought  the  off-path  receiving 
antennae  at  both  sites  are  looking  at  essentially  the  same  scattering  cell. 

7.0  BASIC  PROPAGATION  EQUATION 

For  simplicity  in  the  data  analyses,  the  basic  propagation  equation 
was  used  in  the  following  form: 

(1)  Pr  *  Pt  +  Gt  +  Gr  -Lfc 

Pt  *  transmitter  peak  power  (dBW) 

Gc  “  free  space  isotropic  gain  of  the  transmitting  antenna  (dB) 

Gr  *  free  space  gain  of  receiving  antenna  less 
transmission  line  losses  (dB) 

Lb  basic  transmission  loss  (dB) 

?r  *  power  at  receiver  input  (dBW) 

Pt  was  continuously  monitored  at  the  transmitter. 
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Gj  and  Gr  were  obtained  from  the  equipment  manufacturers'  specifi¬ 
cations,  Pi*  was  obtained  by  direct  measurement  at  each  receiving  instal¬ 
lation  and  appears  as  the  ordinate  value  of  the  probability  distribution 
curves.  Assuming  that  the  significant  propagation  mode  involved  only 
main  beam  to  main  beam  coupling,  the  basic  transmission  loss  Lb  may  be 
obtained  from  the  measured  value  of  Pr  by  conversion  factors  based  upon 
Pt,  Gt,  and  Gr  for  each  path  as  follows: 

Highlands  to  NAFEC  137  -  Pr  (dB) 

Highlands  to  Wildwood  140  -  Pr  (dB) 

i 

Highlands  to  Wallops  Island  138  -  Pr  (dB) 

The  great  circle  path  free  space  loss  was  calculated  by 
(2)  Lfs  *  20  log  (^)  (dB) 

Lfs  to  NAFEC:  148  dB 

Lfg  to  Wildwood:  152  dB 

Lfs  to  Wallops  Island:  157  dB 

7 . 1  Interference  Criteria 


Using  the  criteria  set  forth  in  CCIR  Report  382  (Oslo,  1966)  for  the 
determination  of  coordination  distance  between  satellite  system  earth 
stations  and  terrestrial  stations  sharing  the  same  frequency  band,  the 
basic  transmission  loss  Is  given  by  the  following  general  formula: 

(3)  Lb  -  (Pt  +  Gt)  -  Fs  -  (Pr  -  Gr) 
where 

Pt  *  power,  in  dBW,  supplied  by  the  interfering  transmitter 
to  the  input  to  the  transmitting  antenna; 

Gt  *  isotropic  gain,  in  dB,  of  the  transmitting  antenna  of 
the  interfering  station  in  the  pertinent  direction; 

Fs  *  earth  station  site  shielding  factor,  in  dB; 

Pr  ■  maximum  permissible  interfering  carrier  power,  in  dBW,  at 
the  input  to  the  receiver  subject  to  interference; 

Gr  »  isotropic  gain,  in  dB,  in  the  pertinent  direction,  of  the 
receiving  antenna  of  the  station  subject  to  interference, 
less  feeder  losses  and  polarization  discrimination,  if 
applicable. 

The  minimum  permissible  basic  transmission  loss  from  an  earth  station  to 
an  angle-modulated,  radio-relay  station  is  as  follows: 
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(4)  Lb  (0.005%)  -  <Pt  +  Gt)  -Fs  +  173 


Substituting  (4)  ir.  (3)  and  solving  for  Pr  with  Gy  set  equal  to  42  dB 
(assumed  Gr  in  CCIR  Report  382)  yields 

Pr  =-131  dBW  (allowable  level  of  interfering  signal) 

But  the  POPSI  transmitter  peak  power  exceeded  the  CCIR  assumed  Pt  by 
24  dB  and  the  value  of  Gr  for  the  POPSI  operation  was  33  dB  instead  of 
42  da.  Therefore,  for  a  typical  radio  relay  station  installation  the 
equivalent  permissible  level  of  the  undesired  signal  (equating  the  POPSI 
operation  to  the  CCIR  criteria)  becomes  Pr  *-131  +  24  -9  -  -116  dBW. 

8.0  PROBABILITY  DISTRIBUTION  CURVES 

Since  there  were  a  large  number  of  antenna  configurations  involved 
in  the  investigation,  there  are  a  large  number  of  probability  distribution 
curves.  Only  those  considered  to  be  of  primary  importance  have  been 
included  in  the  text  of  this  report.  The  remainder  of  the  distribution 
curves  have  been  included  in  Annex  A. 


Transmitting  Antenna  On-Path 


Figures  20,  21  and  22  show  the  distribution  of  the  received  powers 
at  the  input  terminals  of  the  on-path  receivers  during  the  periods  the 
transmitting  antenna  was  directed  along  the  great  circle  path  in  the 
maximum  signal  configuration.  A  theoretical  distribution,  obtained  by 
applying  the  prediction  techniques  of  NBS  Technical  Note  101,  Volume  II, 
Fig.  1.12,5/  aiso  8hown  on  each  figure.  The  distributions  for  the 
NAFEC  and  Wildwood  sites  are  given  for  time  frames  corresponding  to 
specific  antenna  pointing  programs.  Figures  23A  and  B  may  be  compared 
with  the  corresponding  curves  on  Figure  20B  to  arrive  at  the  NAFEC  off- 
path  receiving  antenna  side  lobe  response.  In  this  manner,  it  can  be 
seen  that  the  median  value  of  the  off-axis  response  of  the  off-path 
receiving  antenna  to  a  great  circle  path  signal  varied  between  -12  and 
-24  dB  below  the  on-path  receiving  antenna  response  to  the  same  signal. 
Figures  25  through  30B  represent  the  distributions  of  the  powers  at  the 
input  terminals  of  the  on-path  receivers  when  the  transmitting  antenna 
was  directed  along  the  great  circle  path  at  various  elevation  angles. 


Transmitting  Antenna  Off-Path 


Figures  31  through  42  show  the  distributions  of  the  powers  at  the 
input  terminals  of  the  on-path  receivers  when  the  transmitting  antenna 
was  directed  in  various  off-path  configurations.  In  most  cases,  the 
extreme  limit  reached  during  each  pointing  program  is  represented. 
However,  some  configurations  did  not  result  in  enough  measurements  to 
permit  the  establishment  of  a  distribution. 


Figures  43  through  49B  are  the  distributions  of  the  powers  at  the 
input  terminals  of  the  off-path  receivers  for  various  off-path  transmitting 
antenna  configurations.  CV  on  the  legend  means  that,  theoretically,  a 
common  volume  was  established  by  the  antenna  main  beam  intersection. 

NCV  indicates  that  the  main  beams  did  not  intersect  and  no  common  volume 
was  established. 
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SEPARATION  AND  IDENTIFICATION  OF  PROPAGATION  MODES 


A  comparison  of  Che  charts  shown  in  Figure  57  with  those  shown  in 
Figures  60A,  B  and  C,  indicates  some  difference  in  the  short  term  signal 
variations.  Although  this  may  provide  the  clue  to  an  obviously  dominant 
propagation  mechanism  many  of  the  enhanced  signal  periods  seemed  to  in¬ 
volve  a  "mixing"  of  envelope  amplitude  variations  in  such  a  manner  as  to 
make  mode  identification  difficult  without  a  detailed  analysis  of  the  short 
term  variability.  Therefore,  the  principal  problem  confronting  any  effort 
to  determine  the  contribution  of  off-path  scattered  energy  to  the  received 
power  at  any  given  location  is  the  difficulty  in  isolating  the  dominant 
propagation  mode  at  any  given  time.  Figure  50  is  a  somewhat  simplified 
presentation  of  the  possible  propagation  paths  and  modes.  The  great  circle 
paths  are  indicated  by  the  letters  A,  B,  C,  and  D,  with  the  usually  domi¬ 
nant  path  indicated  by  the  main  beam  to  main  beam  coupling  at  A.  Of  second¬ 
ary  importance  are  the  main  beam  to  side  lobe  couplings  indentified  as  B 
and  C.  The  side  lobe  to  side  lobe  coupling  represented  by  D  must  be  given 
tertiary  consideration.  The  off-path  modes  are  indicated  by  the  numbers 
1  through  10  with  the  theoretically  dominant  mode  consisting  of  main  beam 
to  main  beam  coupling  in  a  common  scattering  volume  indicated  by  the 
number  1.  During  anomalous  propagation  conditions,  the  great  circle  modes 
may  be  effective  to  such  an  extent  that  they  contribute  substantially  to 
the  power  at  the  off-path  receiver  input  terminals,  even  though  the  trans¬ 
mitting  antenna  is  also  directed  off-path.  It  is  also  possible  that  off- 
path  modes  other  than  main  beam  to  main  beam  scattering  contribute  signifi¬ 
cantly  to  the  off-path  received  power.  There  have  been  a  number  of  attempts 
to  overcome  the  difficulties  in  propagation  mode  separation  by  using  beam 
swinging  or  frequency  sweeping  techniques  and  determining  short  term  fre¬ 
quency  (phase)  correlation  or  time  auto  correlation.^iZ^  Such  techniques 
require  extremely  sophisticated  equipment  and  generally  present  formidable 
data  processing  problems  if  an  extended  operation  is  to  be  conducted. 

Limited  success  in  identifying  the  dominant  propagation  mode  may  be 
achieved  by  comparing  the  received  power  in  an  off-path  configuration  with 
the  received  power  in  a  juxtaposed  on-path  configuration  and  considering 
the  probable  order  of  magnitudes  of  the  amplitudes  of  the  two  signals  based 
upon  comparative  common  volume  sizes  and  effective  antenna  gains  across  the 
common  volume  integrals.  This  approach  requires  certain  gross  assumptions 
but  they  are  not  unique  in  classical  tropospheric  electromagnetic  wave 
propagation  theory.  The  assumptions  are: 

1.  The  antenna  patterns  are  considered  to  be  discretely 
defined  in  a  manner  similar  to  the  commonly  used  keyhole 
pattern  concept  (Figures  51A  through  52F) . 

2.  The  scattering  medium  is  homogeneous  over  the  entire  volume 

under  consideration.  (This  appears  to  be  a  contradiction  in 
terms  because  some  widely-accepted  scattering  theories  depend 
upon  inhomogeneities  in  the  troposphere,  '  Perhaps  a 

better  way  of  stating  this  assumption  would  be  to.  say  that  the 
inhomogeneities  are  assumed  to  be  uniformly  distributed.) 
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3.  The  scatterers  are  implied  to  be  isotropic.  — ' 

4.  The  propagation  conditions  have  remained  stable  over  the 

comparison  period. 

9.1  Mode  Separation  Technique 

The  propagation  mode  separation  technique  is  exemplified  in  the 
basic  data  forms  shown  in  Figures  53A  through  55F.  Beginning  at  0100 
hours  on  June  16,  1966,  the  transmitting  antenna  began  the  3-hour  point¬ 
ing  sequence  in  the  great  circle  configuration.  During  the  5  minute 
period  from  0100  to  0105  the  median  power  input  to  the  on-path  receiver 
at  Wildwood  was  -80  dBW  and  the  median  power  input  to  the  off-path 
receiver  was  -100  dBW.  Aside  from  the  two  mildly  enhanced  on-path 
signals  in  the  periods  from  0105  to  0110  and  0110  to  0115,  both  the 
on-path  and  off-path  signals  were  below  the  receiver  noise  level  until 
the  end  of  the  hour.  When  the  transmitting  antenna  returned  to  the 
great  circle  path  between  0155  and  0200,  the  signal  was  considerably 
enhanced;  the  on-path  receiver  input  was  -53  dBW  and  the  off-path  re¬ 
ceiver  input  was  -77  dBW.  The  ratios  of  the  on-path  to  the  off-path 
receiver  inputs  represents  essentially  the  receiving  antenna  side 
lobe  response,  so  the  same  propagation  mode  is  probably  working  into 
both  antennas. 

RX  Antenna  Off- Path 


n  Ante«na  On-Path 


RX  Antenna  On-Path  .  Horizontal  Plane  Diagram 


At  0200  hours,  the  transmitting  antenna  was  directed.„into  the  9°  off-path 
azimuth  at  the  minimum  elevation  angle.  From  Figure  52D,  the  transmitting 
antenna  pattern  response  in  the  direction  of  the  great  circle  path  should 
be  down  25  dB  from  the  maximum.  If  the  propagation  conditions  had  not 
changed  and  both  antennas  were  responding  to  only  the  great  circle  path 
signal,  the  median  on-path  receiver  input  should  have  been  -53  +  (-25)  or 
-78  dBW  and  the  off-path  input  should  have  been  -53  +  (-25)  +  (-23)  or 
-101  dBW. 
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RX  Antenna  Off- Path 


TX  Antenna  Off-Path 


RX  Antenna  On-Path 

Horizontal  Plane  Pattern 


The  actual  measured  value  was  11  dB  less  than  predicted  into  the  on-path 
receiver.  Unfortunately,  the  receiver  noise  level  was  too  high  for  an 
off-path  measurement,  but  the  signal  was  not  greater  than  -101  dBW.  Between 
0205  and  0210  hours,  the  transmitting  antenna  was  at  9°  off-path  azimuth 
and  elevated  to  1°.  From  Figure  52D,  the  transmitting  antenna  pattern 
response  is  30  dB  below  the  maximum.  Therefore,  the  on-path  receiver 
input  due  to  a  great  circle  path  signal  could  be  expected  to  be  -53  +  (-30) 
or  -83  dBW  and  the  off-path  receiver  input  could  be  expected  to  be 
-53  +  (-30)  +  (-23)  or  -106  dBW.  The  measured  values  were  6  and  8  dB 
higher  than  expected.  In  the  2°  elevation  configuration,  the  measured 
values  were  10  and  8  dB  higher  than  expected;  in  the  3°  elevation  configu¬ 
ration,  the  measured  values  were  4  and  5  dB  higher  than  expected.  Continu¬ 
ing  in  this  manner,  it  will  be  noted  that,  when  the  measured  on-path  signal 
is  higher  than  expected,  the  measured  off-path  signal  is  also  higher  than 
expected  and,  furthermore,  the  differences  agree  within  3  dB.  This  can 
best  be  interpreted  as  an  indication  that  when  the  transmitting  antenna  was 
in  the  great  circle  path  configuration  either  the  optimum  antenna  position 
was  not  being  achieved  or  the  on-path  receiver  was  being  saturated  and  the 
true  signal  level  could  not  be  measured.  Attention  is  invited  to  the  period 
during  which  the  transmitting  antenna  was  in  the  9°  azimuth  and  6°  to  10° 
elevation  positions.  Although  both  the  on-path  and  off-path  signals  were 
considerably  higher  than  expected,  the  correlation  between  the  differences 
broke  down.  In  the  7  elevation  configuration  the  differences  were  9  dB 
apart.  This  is  a  probable  indication  that  the  off-path  antenna  was  receiving 
a  signal  component  propagated  by  some  mode  other  than  the  great  circle  path. 
The  same  situation  apgarently  occurred  when  the  transmitting  antenna  was  in 
the  12°  azimuth  and  5  elevation  position  at  0325  hours.  From  0300  to  0400 
there  was  some  change  in  the  great  circle  path  propagation  conditions. 

During  this  period  the  estimated  receiver  input  powers  for  the  elevation 
steps  through  5°  were  based  upon  the  measured  median  value  at  0255  and  the 
estimated  values  for  the  6°  through  10°  steps  were  based  upon  the  value 
measured  at  0355  hours.  Because  the  measured  values  were  11  to  19  dB  lower 
than  calculated,  it  is  obvious  that  the  received  poger  of  -31  dBW  measured 
at  0355  snould  not  have  been  used  for  the  6°  to  10  calculations.  However, 
when  the  values  measured  at  the  beginning  and  end  of  each  hour  differed, 
the  division  for  computation  purposes  was  arbitrarily  made  on  the  half  hour. 
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METEOROLOGICAL  DATA 


Although  the  facilities  for  the  collection  of  meteorological  data  for 
the  propagation  path  were  not  ideal  for  good  correlation  of  radio  propaga¬ 
tion  characteristics  with  meteorological  conditions,  they  were  probably  as 
complete  as  could  be  obtained  anywhere  in  the  United  States  without  in¬ 
troducing  techniques,  equipment  and  procedures  considerably  more  sophisti¬ 
cated  than  are  now  being  used. 

10.1  Weather  Radar 


Figure  56  is  an  overlay  chart  for  the  WSR-57  weather  radar  located 
at  NAFEC.  For  analysis  purposes  this  radar  can  be  considered  to  be  co¬ 
located  with  the  receiving  site  at  KAFEC.  This  radar  has  a  precision 
attenuator  input  but  this  capability  was  activated  only  during  periods  of 
increased  weather  watch  in  connection  with  the  MESONET  operation. 

10.2  RAWINSONDE  and  Surface  Measurements 


In  addition  to  the  weather  radar  there  were  also  a  RAWINSONDE  facility 
at  NAFEC  and  a  RAWINSONDE  facility  at  JFK  International  Airport  situated 
about  39  kilometers  north  of  the  transmitter  site.  Hourly  surface  mete¬ 
orological  data  were  also  available  for  stations  at  New  York  City, 
Philadelphia,  Atlantic  City,  and  Salisbury.  TV  RAWINSONDE  data  from  JFK 
were  normally  for  4  releases  per  day  at  0015,  0615,  1215  and  1815  local 
time.  The  RAWINSONDE  releases  at  NAFEC  were  usually  made  only  during  acti¬ 
vation  of  the  MESONET.  The  MESONET  data  consisted  of  surface  data  (temper¬ 
ature,  dew  point,  precipitation  and  average  cloud  height)  every  30  minutes 
from  each  of  13  stations  in  the  area  surrounding  NAFEC. 

11.0  DETAILED  DATA  ANALYSES 


As  previously  mentioned,  one  of  the  greatest  obstacles  to  a  detailed 
propagation  mechanism  analysis  is  the  difficulty  in  the  separation  of  the 
propagation  modes.  The  power  received  at  the  input  terminals  of  the  off- 
path  receiver  when  the  transmitting  antenna  is  also  directed  off-path 
consists  of  off-path  scattered  components  arriving  by  way  of  one  or  more 
of  the  numbered  paths  in  the  simplified  diagram  shown  in  Figure  50  and  an 
on-path  component  arriving  by  way  of  the  gieat  circle  path  indicated  by 
the  intersection  marked  "D"  in  Figure  50.  During  "normal"  propagation 
conditions  the  great  circle  path  component  is  of  little  significance  since 
the  highly  directive  transmitting  and  receiving  antennas  result  in  very 
little  power  radiated  along  the  great  circle  path.  However,  during  these 
same  "normal"  conditions  the  off-path  scattered  components  give  no  cause 
for  alarm  because,  although  the  power  illuminating  the  common  volume  is 
quite  high,  the  power  transfer  or  coupling  mechanism  between  the  antenna 
main  beams  and/or  significant  side  lobes  is  extremely  inefficient.  During 
abnormal  conditions  one  or  more  of  the  signal  components  may  be  greatly 
enhanced  due  to  the  increased  efficiency  of  the  coupling  mechanisms. 

Although  present  theories  concerning  the  mechanisms  are  not  universally 
accepted  it  is  generally  agreed  that  the  on-path  and  off-path  components 
are  principally  affected  by  different  mechanisms.  Therefore,  any  successful 
mechanism  study  involves  the  separation  of  the  signal  into  components,  the 
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assignment  of  a  likely  value  to  the  most  easily  identified  component,  and 
the  vector  manipulation  of  this  value  to  obtain  possible  values  for  the 
otht r  component^) .  Using  this  approach,  analysis  has  been  attempted  for 
3  representative  enhanced  signal  periods. 

11.1  Ducting 

Highlands  to  Wildwood,  16  June  1966,  0100  -  0700  hours. 

Figure  57  shows  photographs  of  the  Wildwood  on  and  off-path  receiver/ 
recorder  charts  for  the  period  covered  by  the  basic  data  charts  in  Figures  53A 
and  B.  By  application  of  the  correlation  technique  described  in  Section  9.0 
and  formulated  in  Appendix  A,  the  unusually  high  signal  power  into  the  off- 
path  receiver  can  be  attributed  to  an  on-path  component  due  to  a  super- 
refractive  or  ducting  condition  except  for  the  possibilities  of  weak  off-path 
scattered  components  at  0235  when  the  transmitting  antenna  was  in  the  9° 
azimuth  and  7°  elevation  position  and  at  0325  when  the  transmitting  antenna 
was  in  the  12°  azimuth  and  5°  elevation  position.  By  considering  the  error 
component  in  the  measured  power  into  the  on-path  receiver  at  0225,  the 
approximate  magnitude  of  the  median  (5  min.)  optimum  great  circle  path 
signal  may  be  determined  by  the  procedure  of  Appendix  A: 

Prt  "  prm  <°°  .  1/2°)  -  E 
Prt  -  -53  -(-14)  -  -39  dBW 

The  basic  transmission  loss  for  this  level  of  receiver  input  power  is 
27  dB  greater  than  that  for  free  space. 

There  are  other  indications  that  the  signal  into  the  off-path  receiver 
was  due  to  ducting  or  superrefraction.  A  comparison  of  the  envelopes  of 
the  input  power  levels  recorded  on  the  on  and  off-path  charts  shown  in 
Figure  57  discloses  good  correlation.  The  photographs  in  Figures  58A,B  &  C  show 
presentations  on  the  PPI  scope  of  the  WSR-57  weather  radar  at  NAFEC.  The 
display  at  2250  on  6/15/66  indicates  long  range  ground  returns  from  the 
coastal  area  as  far  south  as  Norfolk,  Virginia.  The  display  at  0600  on 
6/16/66  indicates  long  range  ground  returns  from  the  coastal  area  to  the 
north  of  NAFEC.  Vertical  radio  refractive  index  profiles  calculated  from 
RAWINSONDE  data  at  JFK  International  Airport  are  shown  in  Figure  59.  These 
profiles  were  determined  in  accordance  with  the  procedure  set  forth  in 
Appendix  B.  The  profile  based  upon  the  release  at  0015  on  6/16/66  shows 
nothing  unusual.  The  profile  for  the  data  from  the  release  at  0615  on 
6/16/66  indicates  strong  negative  refractive  index  gradients  near  the 
earth.ls  surface.  These  gradients  exceeded  the  slope  associated  with 
ducting  (-157  N  units/km)  according  to  at  least  one  dissertation  on  the 
subject.  — ' 

11.2  Precipitation  Scattering 

Highlands  to  NAFEC  and  Wildwood,  28  June  1966,  1500  -  2100  hours. 
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Figures  60A,  B  and  C  are  photographs  of  the  NAFEC  on  and  off-path 
rectiver/recorder  charts  and  the  Wildwood  off-path  chart  for  the  period 
covered  by  the  basic  data  charts  in  Figures  54A,  B,  and  C. 

The  correlation  technique  described  in  Appendix  A  indicated  no  on-path 
(great  circle)  component  of  significance  in  the  off-path  receiver  input  at 
NAFEC.  The  correlacion  technique  could  not  be  applied  at  Wildwood  because 
only  one  receiver  was  in  operation.  It  is  obvious  that  the  enhanced  signal 
into  the  off-path  receiver  was  due  to  off-path  scattering,  alone.  With  the 
transmitting  antenna  at  an  azimuth  offset  of  9°,  the  highest  median  value 
for  the  off-path  receiver  input  at  NAFEC  occurred  at  a  transmitting  antenna 
elevation  angle  of  3°.  From  Figure  18  it  may  be  seen  that  this  represents 
the  maximum  common  volume  configuration.  For  the  same  receiver,  with  the 
transmitting  antenna  offset  to  an  azimuth  of  12° ,  the  highest  median  values 
occurred  at  elevation  angles  of  5°  ,  6°  ,  7°  and  8*.  Figure  19  indicates 
that  the  maximum  common  volume  was  at  4°.  However,  that  at  5°  was  only 
slightly  less.  For  the  Highlands  to  Wildwood  path  the  maximum  receiver 
power  input  levels  occurred  for  transmitting  antenna  configurations  of  9° 
azimuth  with  2°  elevation  and  12°  azimuth  with  3°  elevation.  Figures  15 
and  16  indicate  maximum  common  volumes  at  3°  and  4°  respectively.  The  fact 
that  the  highest  signal  levels  were  occasionally  received  in  common  volume 
configurations  other  than  the  theoretical  maximum  only  attest  to  the  non- 
homogeneous  character  of  the  scattering  medium.  The  conclusion  that  the 
enhanced  off-path  signal  during  this  period  was  due  to  off-path  scattering 
is  incontrovertible.  However,  the  identification  of  the  responsible  mecha¬ 
nism  is  open  to  question.  Figures  61A  through  L  are  photographs  of  the 
NAFEC  weather  radar  PPI  scope  during  this  period.  The  points  labeled 
WR  ■  6°  are  the  locations  of  the  Highlands  to  Wildwood  common  volumes, 
and  those  labeled  NR  =*  6°  are  the  locations  of  the  Highlands  to  NAFEC 
common  volumes.  The  time  and  the  amount  of  precision  attenuation  in¬ 
serted  in  the  weather  radar  receiver  are  indicated  on  each  photograph. 

The  interpretations  of  the  weather  radar  echoes  during  this  period  were 
entered  on  WB  Form  610-3  by  the  radar  operator  at  NAFEC.  The  decoding  of 
this  form  resulted  in  the  following  information; 

Time:  1544  E.S.T. 

Echo  area  boundaries:  288°  -  81  miles 

41°  -  58  miles 

30  miles  wide 

Movement:  from  270°  at  15  knots 

Echo  character:  3roken  area 

Precipitation  symbol:  Thunderstorms,  rain  showers 

Intensity:  Hea  y 

Radar  tops:  270°  -  64  miles  -  52  K  ft. 

324°  -  50  miles  -  54  K  ft. 

39°  -  46  miles  -  47  K  ft. 
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Time:  1646  E.S.T 

o 

Echo  area  boundaries:  216  -  83  miles 

276°  -  56  miles 

59°  -  74  miles 

Movement:  from  270  at  18  knots 

Echo  character:  Broken 

Precipitation:  Thunderstorms,  rain  showers 

Intensity:  Heavy 

Radar  tops:  26°  -  40  miles  -  51  K  ft. 

346°  -  36  miles  -  50  K  ft. 

Time:  1747  E.S.T. 

Echo  area  boundaries:  349  -  84  miles 

73°  -  94  miles 

291  -  34  miles 

Movement:  from  270  at  20  knots 

Echo  character:  Broken 

Precipitation:  Thunderstorms,  rain  showers 

Intensity:  Heavy  to  light 

Radar  tops;  358°  -  65  miles  -  47  K  ft. 

numerous  tops  *  45  K  ft. 

Echo  area  boundaries:  345°  -  45  miles 

244°  -187  miles 
Echo  character;  Scattered 
Precipitation:  Thunderstorms,  rain  showers 

Intensity:  Heavy  to  light 

Radar  tops:  269°  -  83  miles  -  52  K  ft. 

293°  -  80  miles  -  46  K  ft. 

Time:  2120  E.S.T. 

Echo  area  boundaries:  359  -  48  miles 

Hook  echo  -  diameter  of  20  miles 
Precipitation:  Thunderstorm 

Intensity:  Heavy 

Radar  top:  46  K  ft. 

Time:  2147  E.S.T. 

Echo  area  boundaries:  354°  -  128  miles 

57°  -  187  miles 
225°  -  206  miles 
287°  -  127  miles 

'  'vement:  from  270°  at  18  knots 

„,cho  character:  Broken 

Precipitation:  Thunderstorms,  rain  showers 

Intensity:  Heavy  to  very  light 

Radar  tops:  256°  -  44  miles  -  49  K  ft. 

6°  -  48  miles  -  39  K  ft. 
disintegrating  hook  observed. 


Time:  2243  E.S.T 

Echo  area  boundaries: 


Movement:  from 

270°  , 

Echo  character: 

South 

North 

Precipitation: 

South 

North 

Intensity: 

South 

North 

Radar  tops: 

240°  • 

2°  -  135  miles 
32°  -  111  miles 
210°  -  215  miles 
278  -  123  miles 
:  18  knots 
broken 
scattered 
thunderstorms 
rain  showers 
heavy 
light 

22  miles  -  42  K  ft. 


Time:  2345  E.S.T. 

Echo  area  boundaries:  4  -  150  miles 

213°  -  173  miles 
140  miles  wide 

Movement:  from  270  at  22  knots 

Echo  character:  Broken 

Precipitation:  Thunderstorms,  rain  showers,  rain 

Intensity:  Heavy  to  light 

Radar  tops:  5°  -  near  station  -  42  K  ft. 


It  is  difficult  to  correlate  the  radar  operator's  interpretation  with 
surface  weather  during  this  period.  The  surface  weather  reported  at 
NAFEC  was  obtained  by  reference  to  Figures  62A  and  B.  Only  a  trace  of 
precipitation  was  recorded  and  the  cloud  cover  varied  from  4/10  at  1600 
E.S.T.  to  10/10  at  1900  E.S.T.  and  2200  E.S.T.  No  precipitation  was  re¬ 
corded  at  Philadelphia  during  the  24  hours  preceding  the  end  of  this 
period  and  only  traces  were  reported  at  New  York  and  Salisbury; 

Washington,  D.  C. ,  however,  reported  1.03  inches  of  precipitation. 

Figure  63  shows  radio  refractive  index  profiles  calculated  from  NAFEC 
RADIOSONDE  releases  at  1410  and  2235  E.S.T.  The  maximum  negative  N 
giadient  detected  at  1410  F.S.T.  was  -133  N  units/km.  Above  an  altitude 
of  300  meters  no  negative  gradient  in  excess  of  -75  N  units/km  was 
detected.  The  profile  at  2235  E.S.T.  seems  to  indicate  pronounced 
stratification.  There  were  no  negative  gradients  in  excess  of  -73  N  units/km. 
Three  positive-slope  N  gradients  were  apparent.  Two  of  these  were  below 
300  meters  and  the  third  appeared  between  5300  and  5500  meters.  They  all 
appear  to  be  due  to  humidity  inversions. 


11.3  Angle  Dependent  Guided  Propagation 

Highlands  to  NAFEC  and  Wildwood,  2200  hours,  15  October  to  0700  hours, 
16  October  1966. 


Figures  64A  through  64D  are  photographs  of  the  NAFEC  and  Wildwood 
receiver/recorder  charts  for  the  period  covered  by  the  basic  data  charts 
in  Figvres  55A  through  55F.  From  2300  on  10/15/66  to  0200  on  10/16/66, 
the  power  levels  of  the  on-path  receiver  inputs  at  both  NAFEC  and  Wildwood 
were  considerably  higher  than  normal.  This  indicated  the  existence  of  an 
abnormal  propagation  mechanism.  The  technique  of  Appendix  A  resulted  in 
very  poor  correlation  between  the  on  and  off-path  receiver  power  inputs 
at  both  NAFEC  and  Wildwood.  The  criterion  of  equation  (10)  was  not  met 
at  any  antenna  configuration  where  the  receiver  sensitivities  permitted 
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measurements.  An  examination  of  the  charts  in  Figure  64A  indicated  no 
envelope  correlation  between  the  on  and  off-path  recordings  at  either 
NAFEC  or  Wildwood  from  2300  on  10/15/66  to  0100  on  10/16/66.  During 
this  period  sampling  recorders  were  in  operation  at  Wildwood.  These 
recorders  were  interfaced  in  such  a  manner  that  the  on  and  off-path 
receiver  power  input  levels  were  simultaneously  sampled  for  3  seconds 
out  of  every  20  seconds.  Correlation  coefficients  were  computed  by 
comparing  the  on  and  off-path  samples  for  each  azimuthal  setting  during 
the  period  from  2200  on  10/15/66  to  0100  on  10/16/66. 


Time  TX  Ant.  Azimuth  Correlation  Coefficient 


2200-2300 

2300-2355 

0000-0055 


0° 

12° 

18° 


.92 


.54 

.58 


Although  these  correlation  coefficients  are  not  too  significant 
because  of  the  bias  introduced  by  receiver  sensitivity-limiting  at 
one  end  and  receiver/recorder  saturation  at  the  other,  it  can  be  seen 
that  the  azimuthal  offset  significantly  reduces  the  correlation  coeffi¬ 
cient.  It  appears  that  the  on-path  antennas  at  both  sites  were 
receptive  to  a  signal  propagated  by  a  different  path  than  the  signal 
received  on  the  great-circle-path-oriented  side  lobes  of  the  off-path 
antennas. 


During  the  period  from  2200  to  2300,  the  signal  into  the  NAFEC  on- 
path  receiving  antenna  seems  to  be  dependent  upon  the  transmitting  antenna 
elevation  in  a  manner  not  consistent  with  the  differences  in  common  volume 
sizes  or  the  transmitting  antenna  vertical  side  lobe  radiation.  This 
indicates  the  existence  of  incident-angle-dependent  reflection  or  scattering 
that  could  be  explained  by  the  hypothesis  of  an  elevated  layer  or  elevated 
duct.  During  the  period  from  2300  to  2355,  the  transmitting  artenna  was 
aligned  with  a  12°  azimuth  offset.  The  signal  into  the  Wildwood  or.-path 
receiver  increased  substantially  at  nearly  all  elevation  angles  while 
the  NAFEC  signal  decreased.  This  indicates  sc,  le  change  in  the  path 
geometry  introduced  by  the  transmitting  antenna  azimuthal  offset.  By 
using  ray-tracing  techniques  it  can  be  hypothesized  that  the  plane 
including  the  incident  and  reflected  rays  was  not  vertical  and  therefore, 
the  reflecting  or  refracting  layer(s)  were  not  horizontal.  Such  a  layer 
or  layers  would  result  in  scatter-angle-sensitive  forward  propagation 
without  correlated  backscatter.  During  the  interval  !rom  0500  to  0600  on 
10/16/66,  the  on  and  off-path  receivers  at  both  sites  indicated  scattering 
from  a  mechanism  located  in  an  area  near  the  transmitter  site.  This 
scattering  had  the  same  short  term  variation  and  common  volume  dependence 
exhibited  during  the  period  on  6/28/66  which  was  previously  analyzed. 

In  Figure  65  are  photographs  of  the  backscatter  recorder  charts  from 
the  radar  receiver  at  Highlands  taken  during  this  period.  Although  the 
f orward- scattered  signal  was  significant  during  the  interval  from  2200  to 
0000,  there  was  no  backscatter  other  than  that  caused  by  the  ground  return 
into  the  side  lobes  at  low  elevation  angles.  On  the  other  hand,  there 
was  considerable  backscatter  from  the  cell  located  in  the  transmitter 
antenna  beam  during  the  period  from  0500  to  0600. 


-  17  - 


i 


Figures  6oA  through  06L  are  photographs  of  the  NAFEC  weather  radar 
??I  scope  during  this  period.  During  the  interval  between  2300  hours, 

15  October,  and  0000  hours,  16  October,  1966,  the  weather  radar  indicated 
no  returns  from  the  area  of  the  common  volumes  or  the  great  circle  path 
near  the  transmitter  site.  A  return  from  this  area  is  indicated  during 
the  period  from  0500  to  0600  hours  on  16  October,  1966.  Figures  67A 
through  67C  are  radio  refractive  index  profiles  calculated  with  the  data 
from  RADIOSONDE  releases  from  JFK  International  Airport  at  1815  on 

15  October,  and  at  0015  and  0700  on  16  October,  1966.  These  profiles 
clearly  indicate  the  existence  of  elevated  layers.  The  surface  weather 
in  the  area  as  taken  from  the  local  climatological  summaries  indicated 
no  precipitation  at  NAFEC'  during  the  interval  between  2200  and  0600 
and  .04  inch  between  0600  and  0700.  At  JFK  International  Airport  there 
was  no  precipitation  during  the  24  hour  period  ending  at  0100  on 

16  October,  1966  and  .19  inch  during  the  next  24  hours.  At  Philadelphia 
there  was  no  precipitation  during  the  24  hour  period  ending  at  0100  on 
16  October,  1966  and  .18  inch  during  the  next  24  hours. 

12.0  CONCLUSION’S 


In  an  area  exhibiting  meteorological  conditions  similar  to  those  of 
the  Atlantic  Coastal  Region  from  New  York  City  to  Norfolk,  Virginia, 
anomalous  microwave  propagation  modes  must  be  considered  if  severe 
interference  to  radio  relay  stations  from  satellite  coamunications  system 
earth  stations  in  the  same  frequency  band  is  to  be  avoided.  During  the 
POPSI  Project,  common  volumes  established  by  the  intersection  of  trans¬ 
mitting  and  receiving  antenna  beams  below  the  tropopause  resulted  in 
off-path  scattering  at  interfering  power  levels  for  significant  percentages 
of  the  time.  Enhanced  great  circle  path  propagation  due  to  ducting  and 
both  on  and  off-path  guided  propagation  attributed  to  mechanisms  associated 
with  elevated  tropospheric  discontinuities  resulted  in  interfering  power 
levels  at  the  receivers  for  time  percentiles  far  in  excess  of  the  allowance 
of  existing  allocation  criteria.  All  of  these  effects  were  noted  with 
great  circle  path  distances  of  112  and  177  kilometers  between  the  simulated 
earth  station  transmitter  and  the  radio  relay  station  receivers  and 
persisted  to  antenna  bearings  offset  by  18°  in  azimuth  and  mere  than  20° 
in  elevation  from  the  great  circle  path. 

Off-path  and  high-angle  on-path  scattering  from  precipitation  cells 
were  definitely  identified  as  significantly  contributory  to  the  interference 
problem.  However,  there  appeared  to  be  other  mechanisms  involved  during 
some  of  the  off-path  anomalous  propagation.  These  mechanisms  seem  to 
exhibit  scatter-angle  dependencies  not  related  to  the  relative  common 
volume  sizes.  The  correlation  of  the  backscatter  and  forward- sector 
scatter  from  such  cells  appears  to  be  possible  in  many  instances  only  if 
the  backscatter  and  forward-scatter  investigation  facilities  are  inter¬ 
faced  to  achieve  common  volume  coherency  and  detect  angle  dependency. 

The  correlation  of  off-path  scattering  with  nearby  surface  rain  fall  rates 
appears  to  be  very  questionable. 
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Inasmuch  as  the  phenomena  resulted  in  significant  signal  levels  with 
all  of  the  path  configurations  and  at  nearly  every  antenna  orientation 
examined  during  the  POPSI  Project,  the  limits  of  the  problem  have  not  yet 
been  defined.  Further  investigation  should  be  conducted  over  greater  path 
distances  and  with  transmitting  antenna  elevation  angles  up  to  50  or  60 
degrees.  Propagation  paths  affording  terrain  shielding  should  be  used  to 
determine  the  effectiveness  of  such  measures  against  interference  due  to 
enhanced  great  circle  path  propagation.  If  the  mechanisms  contributing 
to  the  enhanced  signal  conditions  are  to  be  understood  sufficiently  for 
modeling  purposes,  the  meteorological  input  must  be  greatly  enlarged  for 
future  investigations.  In  the  meantime,  further  detailed  analyses  of 
the  POPSI  data  is  being  pushed  in  an  effort  to  gain  more  insight  into 
the  problem. 
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Appendix  A 


Correlation  Procedure 


List  of  Symbols 

Prt  Power  at  on-path  receiver  input  due  to  optimum  path 

component,  alone  (dBW) 

Prs  Power  at  off-path  receiver  input  due  to  off-path 

components  (dBW) 

Pjjj,  Measured  power  at  on-path  receiver  input  (dBW) 

Pjp  Predicted  power  at  on-path  receiver  input  due  to 

great  circle  component,  alone  (dBW) 

I 

.  Prp  Predicted  power  at  off-path  receiver  input  due  to 

great  circle  component,  alone  (dBW) 

I 

P^  Measured  power  at  off-path  receiver  input  (dBW) 

6  Transmitting  antenna  azimuth  offset  angle  (degrees) 

<I>  Transmitting  antenna  elevation  angle  (degrees) 

o  Off-path  receiving  antenna  azimuth  offset  (degrees) 

0  Off-path  receiving  antenna  elevation  angle  (degrees) 

Gt  Free  space  isotropic  gain  of  transmitting  antenna  (dB) 

(Transmission  line  loss  insignificant) 

Gr  Free  space  gain  of  receiving  antenna  less  transmission 

line  losses  (dB) 

Pt  Peak  transmitter  power  (dBW) 

Gt  (0,0)  Pattern  response  factor  of  transmitting  antenna  at 
horizontal  angle  6  and  vertical  angle  0  from  main 
beam  maximum  (dB) 


Gr  (  a,0)  Pattern  response  factor  of  receiving  antenna  at 

horizontal  angle  a  and  vertical  angle  0  from  main 
beam  maximum  (dB) 

E  Error  component  (dB) 

Predicted  power  fron  on-path  component  into  on-path 
receiver  may  be  calculated  from: 

(5)  P^  (0,  0)  -  Pra  (0°,  1/2°)  +  Gt  (©,  0)  (dBW) 


A(l> 


Predicted  power  from  on-path  component  into  off-path  receiver 
is  given  by: 

(6)  Prp  (6,0)=  Pm  (0°,  1/2°)  x  Gt  (  6  ,  0)  +  Gr  (  a  ,  0  )  (dBW) 

The  quantity  P^  (0°,  1/2°)  may  not  represent  the  power 
received  via  the  optimum  path  because  the  transmitting 
elevation  angle  0  =  1/2°  may  not  be  the  alignment  for 
optimum  transmission. 

In  such  cases: 

(7)  Pm  (0°  ,  1/2°)  -  Prt  +  E  (dBW) 

where  E  is  the  error  component.  The  error  component  is 
the  ratio  of  the  predicted  power  to  the  measured  power 
into  the  on-path  receiver,  or 

(8)  E  -  Prp  (6,0)  -  P^  (  6,  0)  (dB) 

E  is  also  the  ratio  of  the  predicted  power  to  the  measured 
power  into  the  off-path  receiver  if  the  signal  into  that 
receiver  is  solely  due  to  a  great  circle  path  component, 
then 

(9)  E  -  Prp  (  0  ,  0)  -  Pm  (  6  ,  0)  (dB) 

If  only  the  great  circle  path  component  is  involved  in 
both  receivers, 

(10)  Prp  (  0  ,  0)  -  Pm  (  6  ,  0)  -  3  >  Prp  (  9  ,  0)  -  Pra  (  9  ,  0) 

where  +  1.5  dB  is  considered  to  be  the  measurement  accuracy 
of  the  equipment.  The  test  in  (10)  is  an  indication  of 
whether  or  not  off-path  propagation  signal  components  are 
significant  in  the  off-path  receiver  input. 
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Appendix  5 


Radio  Refractive  Index  Computation 

If  the  troposphere  is  considered  to  be  a  pure  dielectric  with 
a  permeability  (m)  equal  to  unity;,  its  refractive  index  ,n,  may  be 
related  to  its  dielectric  constant  as  follows: 

(11)  n  *  >/*" 


It  is  the  usual  procedure  to  identify  the  radio  refractive 
index  as  N, 

where 


(1?)  N  *  (n  -  1)  106 

The  radio  refractive  index  is  calculated  from  ordinary 
meteorological  data  by  using  the  equation 


(13) 


N 


77.6  4810  e. 

—  (P  +  — - ) 


where 

T  is  the  absolute  temperature  (degrees  Kelvin) 

P  is  the  pressure  of  the  atmosphere  in  millibars 

e  is  the  partial  pressure  of  the  water  vapor  in  millibars 

The  value  of  e  is  determined  from  the  equation 

(14)  log  e  «  -  2.93M  -  4.9283  log  Td  +  23.5518 
Td 

where 


is  the  dew  point  temperature  in  degrees  Kelvin 

The  refractive  index  was  calculated  for  each  discrete  height 
appearing  in  the  radiosonde  data,  viz.  ,  K2  ,  etc.  where  H  is 
the  height  above  sea  level  in  kilometers.  The  N  gradients  were  cal¬ 
culated  for  the  intervals  between  the  discrete  heights  in  the  followin 


Ni 


manner: 

dN1 

N, 

(15) 

dH 

a _ -n 

h2 

where 

n2, 

N 3. 

Hl»  h2»  h3*  etc* 
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Delete:  "B" 

Change:  "opperate"  to  "operate" 


4  11  Change:  "6"  to  "5";  and  add:  ", 

and  a  typical  receiver  installation 
Is  shown  in  Plgure  6," 
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